We show that base substitutions in the mammalian branchpoint sequence (BPS) YNCUGAC dramatically reduce the efficiency of pre-mRNA splicing in vitro and alter 3' splice-site selection in vivo. Contrary to current dogma that an adenine residue at the appropriate distance from the 3' splice site is the primary determinant of lariat formation, we find that many mutations in the BPS virtually abolish splicing even though the position of this adenine is unchanged. Comparison of the analogous single-base changes in the mammalian and yeast BPSs revealed similar relative effects on splicing efficiency. However, in contrast to yeast, mammalian branchpoint mutations that decrease splicing efficiency severely do not prevent spliceosome assembly. Thus, mutations in the mammalian BPS appear to uncouple spliceosome assembly from cleavage at the 5' splice site and lariat formation.
Lariat formation during pre-mRNA splicing in higher eukaryotes usually occurs at an adenine residue in a weakly conserved sequence element, YNCUGAC. This element, designated the branchpoint sequence {BPS), is located at a conserved distance from the 3' splice site of most introns examined {Keller and Noon Zeitlin and Efstratiadis 1984; Reed and Maniatis 1985} . A role for the BPS in splicing was strongly suggested by the observation that a synthetic intron lacking a normal BPS was spliced more efficiently in vivo when a normal BPS was inserted near the 3' splice site (Rautmann and Breathnach 19851 . Moreover, putative BPSs in a number of introns function as the predominant site of lariat formation in vitro {Reed and Maniatis 19851. Finally, a decrease in the efficiency of splicing in vitro was observed with pre-mRNAs lacking a normal BPS IPadgett et al. 1985; Maniatis 1985~ Ruskin et al. 1985} or containing single-base substitutions in the branch-site nucleotide {Ruskin et al. 1985~ Homig et al. 1986 Freyer et al. 1987} . In most of these cases, the failure to abolish splicing in vitro was explained by the finding that cryptic branch sites located within the conserved distance from the 3' splice site are used in the absence of the normal BPS IPadgett et al. 1985~ Reed and Maniatis 1985; .
The functional role of the BPS was questioned, however, based on the observation that some pre-mRNAs with altered or deleted BPSs are spliced normally in vivo (Rautmann et al. 1984; Wieringa et al. 1984; Padgett et al. 1985; . Thus, the cryptic branch sites in these pre-mRNAs appeared to compensate fully for the loss of the normal BPS in vivo. Taken together, these results suggested that the primary requirement for lariat formation is an adenine nucleotide in the proper location {Green 1986~ Padgett et al. 1986~ Ruskin et al. 1988} .
In contrast to the mammalian BPS, the BPS analog in yeast (the UACUAAC box) is highly conserved and is essential for both spliceosome assembly and splicing (for reviews, see Green 1986; Padgett et al. 1986~ Krainer and . These observations led to the view that there is a mechanistic difference in the role of the BPS in yeast and higher eukaryotes. Remarkably, however, a direct comparison between the effects of mutations in the yeast and mammalian BPS has not been reported.
In this paper we show that many mutations in the mammalian BPS, including single-base changes, dramatically decrease the efficiency of splicing in vitro and alter 3' splice-site selection in vivo. Moreover, the effects on splicing efficiency observed with the BPS mutations parallel the effects of the analogous mutations in yeast. Thus, the BPS may, in fact, play a similar role in splicing in yeast and mammals. In spite of these similarities, however, we find that mutations in the mammalian BPS that decrease splicing efficiency severely do not prevent spliceosome assembly, in contrast to yeast.
Results
To investigate the role of the mammalian BPS in splicing, we used a cis-competition assay similar to that employed previously to study the involvement of exon sequences in splicing {Reed and Maniatis 1986). In this assay, the RNA precursor contains the 5' splice site of the first intron of the human B-globin gene and tandem duplications of the 3' splice site {Fig. 1}. A BPS is located in the normal position adjacent to each of the duplicated A ~ G change in the BPS adjacent to the internal 3' splice site; (lane 3) normal BPS adjacent to both 3' splice sites. The precursor RNA and the spliced RNA derived from use of the internal 3' splice site (inside 3' ss) and external 3' splice site (outside 3' ss) are indicated. (a) Lariat-exon intermediate derived from use of the internal 3' splice site; (b) excised lariat intron derived from use of the internal 3' splice site. The faint bands above the precursor are the lariat introns derived from use of the external 3' splice site. The bands marked with an arrowhead in A (lanes 1, 2) are present in the unspliced precursor.
3' splice sites. In previous studies we found that the internal 3' splice site is used preferentially in this precursor (Reed and Maniatis 1986) . To determine whether alterations in the BPS affect splicing, mutations were introduced into the BPS adjacent to the internal 3' splice site and the normal BPS was adjacent to the external 3' splice site. Based on our earlier work, BPS mutations that decrease the efficiency of splicing to the internal 3'
Function of mammalian branchpoint sequence splice site should lead to an increase in the use of the external 3' splice site (Reed and Maniatis 1986) . In addition, potential cryptic branch sites were eliminated from both of the duplicated introns to increase the sensitivity of the cis-competition assay. This was achieved by replacing the adenine residues located in the 3' portion of each intron with other nucleotides, as described in Experimental procedures. A similar strategy, elimination of a potential cryptic branch site, was used in analogous studies of the yeast BPS (Vijayraghavan et al. 1986; Parker et al. 1987 ).
To establish the feasibility of the cis-competition assay for analysis of BPS mutations and to assess the effect of eliminating the potential cryptic branch sites, we compared the in vitro splicing products generated from precursors containing or lacking these sites. A control precursor containing the normal BPS adjacent to both 3' splice sites and precursors containing base changes in the branch-site adenine of the internal BPS were examined ( Fig. 1) . Comparison of the control precursors in the presence (Fig. 1A , lane 1) or absence (Fig. 1B , lane 3) of the potential cryptic branch sites revealed similar splicing patterns. As expected from our previous studies, the internal 3' splice site is used preferentially. Thus, elimination of the potential cryptic branch sites does not affect splicing of the control precursor significantly. Substituting the branch-site adenine in the internal BPS with a guanine resulted in a significant decrease in use of the internal 3' splice site in the presence (Fig. 1A , lane 2) or absence (Fig. 1B, lane 2) of the potential cryptic branch sites. A similar result was obtained when the branchpoint adenine of the internal BPS was changed to U in the precursor lacking the cryptic branch sites (Fig.  1B, lane 1) . The decrease in the use of the internal 3' splice site is slightly greater with the precursors lacking the potential cryptic branch sites than with the precursor that retains these sites (Fig. 1) . Thus, as expected, the effects of BPS mutations are more severe in the absence of potential cryptic branch sites.
Although BPS mutations decrease the use of the internal 3' splice site, a comparable increase in the use of the external 3' splice site was not observed (Fig. 1) . This result was unexpected based on our previous observation that exon mutations that decrease the efficiency of splicing to the internal 3' splice site result in normal levels of splicing to the external 3' splice site (Reed and Maniatis 1986) . Thus, in contrast to the effect of exon mutations, BPS mutations decrease the overall splicing efficiency of these precursors. A possible reason for this difference, observed with all of the BPS mutants examined, will be discussed below.
We note that the relative levels of splicing to the internal and external 3' splice sites with both the mutant and control precursors vary somewhat in different extract preparations, in diluted extracts, and in extracts that have been frozen and thawed (Reed and Maniatis 1986 ; data not shown). These variations, however, do not affect the interpretation of the results, because splice-site selection in the control and mutant precursors appears to be affected similarly in different extracts.
The branch-site adenine nucleotide is not sufficient for normal levels of splicing in vitro
To investigate the proposal that the primary determ i n a n t of lariat formation is an adenine residue located at the correct distance from the 3' splice site, we analyzed mutations that maintain the position of the branch-site adenine but alter the surrounding nucleotides in the BPS. The BPS mutations were constructed in the absence of the potential cryptic branch sites, as described in Experimental procedures. Mutants that contain two or more base changes in the BPS but maintain the position of the branch-site adenine (Fig. 2 , lanes 2-4) or in which the branch-site adenine is close to the wildtype location (Fig. 2 , lane 1) were chosen for analysis using the cis-competition assay. A dramatic reduction in use of the internal 3' splice site was observed with three (Top) The structure of the SP6 RNA precursors that were spliced in vitro for 2 hr and then analyzed on a 6% denaturing polyacrylamide gel. The branch-site adenine is underlined, and mutations in the internal BPS (1-4) are indicated by boldface lettering. The splicing products generated from these precursors are shown in the corresponding gel lanes (1--4). (wt) Normal BPS adjacent to both duplicated 3' splice sites.
--~ . . . . of the mutant precursors ( Fig. 2 , lanes 1, 2, 4) relative to the control (Fig. 2 , lane wt). The m u t a n t BPS containing two transitions (Fig. 2 , lane 3) was spliced less efficiently than the control precursor but not as poorly as the other mutants. In addition to decreased use of the internal 3' splice site, the use of the external 3' splice site was increased slightly with all of the m u t a n t precursors compared with the control. We conclude that an adenine nucleotide near the 3' splice site is not sufficient for normal levels of splicing, and that other nucleotides in the BPS are required.
Single-base changes in the BPS affect splicing
Examination of several point mutations in the BPS revealed individual nucleotides that affect the efficiency of splicing of precursors lacking the potential cryptic branch sites. The most severe effect on splicing efficiency was observed with a precursor containing a U--> A change at the fourth position of the BPS ( Fig. 3 ; lane 4). In fact, alteration of this nucleotide had as strong an effect on splicing as mutations in the branch-site adenine itself (Fig. 1B, lanes 1, 2) . Mutation of C--> G in the last position of the BPS (Fig. 3, lane 6 ) also reduced the use of the internal 3' splice site, though not as severely as the U ~ A change. In addition, the use of the external 3' splice site is increased with the C ~ G mutant relative to the control precursor. In contrast to these down mutations, a C ~ U change in the first position of the BPS leads to a small but reproducible increase in the use of the internal 3' splice site and a decrease in the use of the external site, compared with the control precursor (Fig. 3, lanes 1, 2) . Finally, a G --~ U change at the weakly conserved position 5 of the BPS (Fig. 3, lane 5) or a transition in the third nucleotide of the BPS (Fig. 3, lane 3) do not significantly affect the use of the internal 3' splice site but slightly decrease the level of splicing to the external 3' splice site (Fig. 3, lanes  1, 3, 5) . The reason for this decrease is not understood.
BPS mutations that inhibit splicing do not prevent spliceosome assembly
In our previous study, we found that inactivation of the internal 3' splice site by exon mutations leads to a corresponding increase in use of the external 3' splice site (Reed and Maniatis 1986) . In contrast, a similar increase in the use of the external 3' splice site is not observed with BPS mutations that decrease use of the internal 3' splice site. One possible explanation for the inefficient use of the external 3' splice site with these precursors is that the BPS mutations do not prevent spliceosome assembly but do prevent 5' cleavage and lariat formation. If this hypothesis is correct, then a spliceosome would assemble with the internal 3' splice site because this splice site is preferentially used in the duplication precursors. Stable assembly of this spliceosome would then preclude spliceosome formation and splicing to the external 3' splice site.
To investigate the effect of BPS mutations on spliceosome assembly, we examined the sedimentation behavior of splicing complexes formed with precursors containing mutations in the BPS but lacking the external duplicated 3' splice site. The structure of these precursors and the positions of the mutations in the BPS are shown in Figure 4A . Analysis of the splicing products obtained with these precursors revealed that the effects on splicing efficiency observed with the BPS mutations are the same in the presence or absence of the duplicated 3' splice sites (cf. Fig. 4B with Figs. 2 and 3) .
Density gradient sedimentation analysis of splicing complexes formed with these precursors is shown in Figure 4C . A spliceosome (or 60S complex) was formed with precursor 2, which is spliced efficiently (Fig. 4B,  lane 2; Fig. 4C, panel 2) , as well as with the precursor containing a normal BPS (data not shown). Remarkably, precursors containing BPS mutations that severely inhibit splicing (Fig. 4A, B, lanes 3, 4, 6 ) also form high levels of 60S complex (Fig. 4C, panels 3, 6 , and data not shown). Although these levels are lower than that observed with the control precursor, a quantitative comparison of the rates of spliceosome assembly with mutant and control precursors is not meaningful, because the spliceosomes assembled on control precursors are transient intermediates. In contrast, spliceosomes assembled on mutant precursors are blocked prior to the first step in the splicing reaction. We conclude that the BPS does not play a central role in spliceosome assembly but is required for efficient cleavage at the 5' splice site and lariat formation. Thus, BPS mutations appear to uncouple spliceosome assembly and the first step in the splicing reaction.
The 60S complexes formed on mutant precursors appear to be stable, as they were observed after 60 rain of incubation in the splicing extract. In contrast, no spliceosomes are detected under comparable conditions with the control precursor, because all of the RNA was spliced by this time point (data not shown). This observation is consistent with the hypothesis that stable complex formation using the internal 3' splice site results in the relatively inefficient use of the external 3' splice site with the 3' duplication precursors containing mutations in the BPS.
The BPS plays a role in 3' splice-site selection in vivo
In the experiments described above, we demonstrated that some mutations in the BPS decrease the efficiency of splicing in vitro. To determine whether this sequence element has a role during splicing in vivo, we carried out transient transfection experiments in HeLa cells. The structure of the transcription unit used in these experiments is shown in the schematic diagram in Figure 5 . The control plasmid contains the normal BPS adjacent to both duplicated 3' splice sites, whereas the mutant plasmid contains a U ~ A change at the fourth position of the internal BPS. RNA was prepared 40 hr after transfection, and the splicing products were analyzed by quantitative RNase mapping (Zinn et al. 1983) .
As shown in Figure 5 (lane 3), the internal 3' splice site is used preferentially with the control precursor. In contrast, the external 3' splice site, adjacent to the normal BPS, is used preferentially with the precursor containing the mutation in the internal BPS (Fig. 5, lane  2) . Thus, a single-base change in the BPS completely switches the pattern of 3' splice-site selection in vivo.
A few differences are apparent between the in vitro (Fig. 3, lane 4 ) and in vivo (Fig. 5 , lane 2) splicing patterns obtained with the precursor containing a mutant BPS. First, high levels of unspliced precursor accumulate in vitro, whereas no unspliced precursor is observed in vivo. Although the reason for this difference is not known, we speculate that, in vivo, the spliceosomes assembled on the internal 3' splice site are either turned over rapidly or are reassembled using the external 3' splice site. In contrast, in vitro, these spliceosomes remain stably associated with the pre-mRNA, resulting in its accumulation. Second, the overall level of splicing is decreased significantly with the mutant precursor in vitro, whereas similar amounts of spliced RNA accumulate with both the normal and mutant precursors in vivo. As was documented for the yeast actin intron (Pikielny and Rosbash 1985), splicing may not be the ratelimiting step in the production of stable RNA in vivo. The changes relative to the normal BPS are indicated by boldface letters and the branch-site adenine is underlined. {B} The splicing products generated from each of the precursors (after splicing in vitro for 1 hr) are indicated in the corresponding gel lanes (1-6). (C) The glycerol gradient profiles of splicing reactions containing precursors 2, 3, or 6. Precursor 2 was incubated under splicing conditions for 30 rain, whereas precursors 3 and 6 were incubated for 1 hr. The position of the spliceosome peak {SS} is indicated on the profile for precursor 2. The peak in fractions 5-8 is the 30S peak described previously (Frendewey and Keller 19851 , and the peak in fractions 10-12 is s2P-labeled nucleotides generated by degradation of RNA during the splicing reaction. 
m/s
Top Thus, even mutations that result in significant decreases in splicing efficiency in vitro m a y not be detected when stable RNA is assayed in vivo.
Discussion
In this paper we show that a n u m b e r of mutations in the m a m m a l i a n BPS result in a substantial decrease in splicing efficiency in vitro. In addition, we show that a single-base change in the BPS alters 3' splice-site selection in vivo. Based on these observations and previous studies of the BPS, selection of the branch-site nucleotide appears to be determined not only by the distance from the 3' splice site but also by the sequences surrounding the branched nucleotide. Although the BPS does not appear to play a central role in spliceosome assembly, we show that this sequence element is important in subsequent steps of the splicing reaction. In earlier studies, deletion of the BPS or alteration of the branch-site adenine decreased the efficiency of splicing in vitro but had no apparent effect on splicing in vivo {Wieringa et al. 19841 Padgett et al. 19851 Ruskin et al. 1985} . Two differences may account for this apparent discrepancy with our results. First, in the early studies, the effects of BPS mutations were examined by quantifying the stable m R N A generated from splicing a prem R N A containing a single intron. Figure 5 . A single point mutation in the BPS alters 3' splicesite selection in vivo. The structure of the gene that was transiently expressed in HeLa cells is shown. The branch-site adenine nucleotide is underlined, and the mutation in the BPS is indicated by a boldface letter. The SV40 enhancer (SV) was used to obtain expression from the human B-globin promoter (Hp). Total cellular RNA was prepared 40 hr after transfection and then analyzed by RNase mapping. A plasmid containing the human p-globin gene was cotransfected, and a-globin mRNA was mapped as an intemal control for transfection efficiency (data not shown). (Lane 1) a2P-labeled T7 transcript used as probe for RNase mapping; (lane 2) RNase mapping of RNA prepared from cells transfected with the plasmid bearing the U ~ A change in the internal BPS; (lane 3) RNase mapping of RNA prepared from cells transfected with the plasmid bearing two normal BPSs. The structure and sizes of the T7 probe and the RNase-resistant fragments are shown.
decrease the rate of splicing are readily detected in the cis-competition assay by an alteration in the pattern of 3' splice-site selection. Second, the activation of cryptic branch sites decreased the effect of the BPS mutations in the earlier studies, whereas potential cryptic branch sites were eliminated in our analysis.
Comparison of the effects of mutations in the BPS in yeast and mammals
Mutations in the BPS have similar relative effects on splicing efficiency in mammals and yeast. Substitution of U with A at position 4 of both the mammalian BPS and the yeast UACUAAC box virtually abolishes splicing (Fig. 3, lane 4 ; Vijayraghavan et al. 1986 ), whereas a transversion at position 7 is less severe in both (Fig. 3, lane 6 ; Fouser and Friesen 1986) . A transition at position 3 or a transversion at position 5 in the BPS has little effect on splicing, similar to the analogous mutations in the UACUAAC box (Fig. 3, lanes 3, 5; Jacquirer et al. 1985; Fouser and Friesen 1986; Vijayraghavan et al. 1986 ). Finally, a C ~ U change at position 1 of the BPS results in a slight increase in splicing efficiency (Fig. 3, lane 2) . Interestingly, this mutation increases the match of the BPS to the yeast UACUAAC box.
The similarities between the effects of mutations in the yeast and mammalian BPSs suggest the possibility that base-pairing between the BPSs and U2 snRNA may be involved in splicing, as in yeast (Parker et al. 1987 ). This possibility is suggested further by the observation that mammalian U2 snRNP binds to a region of the premRNA that includes the BPS (Black et al. 1985) . In addition, the sequence in the yeast U2-1ike snRNA that base-pairs with the UACUAAC box is conserved in the mammalian U2 snRNA and could potentially base-pair with the BPS (Parker et al. 1987) .
Although this hypothesis remains to be tested, it is striking that the U --* A change in position 4, which dramatically reduces splicing efficiency in vitro and alters 3' splice-site selection in vivo would create an A -A mismatch between U2 snRNA and the BPS. In yeast, the effects of the corresponding mutation can be suppressed by a compensatory change in the U2-1ike snRNA (Parker et al. 1987) . As shown in Table 1 , the effects of the other BPS mutations are consistent, for the most part, with the hypothesis that U2 snRNA may base-pair with the BPS. Although mutations in the BPS and UACUAAC box have similar relative effects on splicing efficiency, the roles of these elements in spliceosome assembly in vitro appear to be quite different. We found that mutations in the BPS that essentially abolish splicing still allow spliceosome assembly. In contrast, the analogous mutations in the yeast UACUAAC box prevent spliceosome formation completely (Pikielny et al. 1986; Vijayraghavan et al. 1986 ). Interestingly, the role of the 3' splice site also differs between mammals and yeast. Deletion of the 3' splice site in mammalian introns prevents spliceosome assembly (Frendewey and Keller 1985; Binderief and Green 1986 ) and 5' cleavage and lariat formation (Reed and Maniatis 1985; , whereas the analogous mutation in yeast has little effect on either step (Rymond and Rosbash 1985; Cellini et al. 1986; Fouser and Freisen 1986; Rymond et al. 1987) . Thus, both the 3' splice site and the sequences at the site of lariat formation are involved in more than one step in the splicing reaction, but the relative roles of these sequence elements in some of the steps appear to have changed in yeast and mammals.
During spliceosome assembly, U2 snRNP binds to sequences encompassing the branch site (Black et al. 1985) . The 5' terminus of U2 snRNA is required for this snRNP to bind, whereas internal sequences in U2 snRNA, which are complementary to the BPS (Parker et al. 1987) , are not required until a subsequent step (Fren- dewey et al. 1987 ). These observations led to the proposal that U2 snRNP binds to the BPS region, based primarily on its distance from the 3' splice site. This distance may be established by U2AF, a factor that binds to the 3' splice site and appears to be required for U2 snRNP binding at the branch site (Ruskin et al. 1988) .
The sequence of the BPS is then required for the splicing reaction, possibly by base-pairing with U2 snRNP (Frendewey et al. 1987; Steitz et al. 1988) . Our data are consistent with this model because we observe spliceosome assembly in the absence of an intact BPS but require this sequence element for cleavage at the 5' splice site and lariat formation.
Splice-site selection in mammalian pre-mRNAs
The sequences necessary for splicing in higher eukaryotes have been defined, for the most part, using premRNAs containing a single small intron. The specific sequence elements required for accurate splicing of such introns are located at the 5' and 3' splice junctions. However, most naturally occurring pre-mRNAs in higher eukaryotes are highly complex, containing multiple introns, which range in size from 65 to 100,000 nucleotides. In addition, many pre-mRNAs are alternatively spliced. Thus, in contrast to the single small intron found in yeast pre-mRNAs, or to the prototype pre-mRNAs used to study splicing in higher eukaryotes, additional mechanisms are required for accurate splicesite selection in naturally occurring metazoan premRNAs. Although these mechanisms are not understood, accurate splice-site selection may be achieved through a complex and delicate balance between the splicing efficiencies of each intron in the pre-mRNA. These efficiencies, in turn, could be modulated by a number of parameters, including sequence variability in the recognition elements at the 5' and 3' splice sites and at the BP8. The use of multiple branch sites with varying degrees of homology to the BPS or the use of C, U, or G residues as branch-site nucleotides may also affect splicing efficiencies and the selection of altemative splice sites (Homig et al. 1986; Freyer et al. 1987; Noble et al. 1987 ; J.C.S. Noble, C. Prives, and J.L. Manley, pers. comm.). Finally, the flanking exon sequences and the proximity of splice sites to one another play a role in determining splicing efficiencies (Reed and Maniatis 1986) . Each of these parameters is a potential target for regulation of alternatively spliced pre-mRNAs.
Experimental procedures

BPS plasmid constructions
The SP64 plasmids used in the cis-competition experiments were based on the plasmid 3'D-205 described in Reed and Maniatis (1986) . The derivative of 3'D-205 that contains an A ~ G base change in the branch-site adenine (in the presence of cryptic branch sites) was constructed from the human f~-globin A ~ G substitution mutant ; a gift from M. Green).
To construct the plasmids containing BP8 mutations (see below for mutagenesis scheme), an XhoI linker was first inserted into plasmid H~-aBam (Reed and Maniatis 1986) at the MboII site located at position + 77, relative to the 5' end of the intron. Complementary oligodeoxynucleotides (-70 bp), containing IVS 1 sequences from position + 77 to + 143 relative to the 5' splice site, were synthesized with an XhoI site at the 5' end and an AccI site at the 3' end. The 70-bp oligodeoxynucleotides were then inserted into Hf~-ABam at the XhoI and AccI sites (located at + 143). Potential cryptic branchpoint sites were eliminated from the 3' region of the intron by substituting the As at positions 84 and 90 with G residues and the As at positions 86, 107, and 115 with Ts. The sequences of these 8P64 plasmids, designated Hf3-BPS series, were determined by chain termination sequencing as described previously (Sanger et al. 
1977).
The control plasmid, containing tandemly duplicated 3' splice sites (wt) with normal BPSs (CGCTGAC) adjacent to both 3' splice sites, was subsequently constructed by inserting the XhoI (blunt-ended with Klenow polymerase), EcoRI fragment (sites + 77 to + 225) from plasmid Hf~-BPS {containing the normal BPS) into the SmaI-EcoRI sites {+500 to + 510) of the same plasmid. The plasmids containing mutations in the BPS adjacent to the internal duplicated 3' splice site and the normal BPS adjacent to the external 3' splice site were constructed in the same manner, except that the XhoI-EcoRI fragment was derived from Hf~-BPS plasmids containing mutations in the BPS.
Mutagenesis of BPS
Mutations in the seven nucleotides comprising the BPS (CGCTGAC) were created using the method of Hutchison et al. (1986) . During the synthesis of each strand of the -70-bp duplex DNA containing the 3' end of ~-globin IVS 1, reservoirs containing 79% of the correct nucleotide and 7% each of the other three were substituted at the time of synthesis of the seven BPS nucleotides. Complementary oligonucleotides synthesized in this manner were annealed and inserted into the plasmid described above. Sequence analysis of plasmids from randomly picked colonies revealed from one to four base substitions in the BPS.
Pre-mRNA synthesis and in vitro splicing
The SP6 precursors containing one 3' splice site or tandemly duplicated 3' sites were linearized with BamHI or EcoRI, respectively. Pre-mRNA synthesis using SP6 (or T7) polymerase was performed as described in Krainer et al. (1984) , with modifications described in Reed et al. (1988) . In vitro splicing reactions were carried out for 1 or 2 hr (as indicated) and contained 5-10 ng of each 32p-labeled RNA precursor .
Density gradient sedimentation
Splicing reactions (100 ~1) were sedimented on 10-30% glycerol gradients (11 ml), as described (Grabowski et al. 1985) , with modifications (Abmayr et al. 1988) .
Transient transfection and RNase mapping
The expression plasmids used for transfection into HeLa cells were constructed by ligating the following three fragments together: an NcoI-EcoRI fragment (from plasmid ~rSVHSBA128E; Little et al. 1983; Treisman et al. 1983 ) that contains the SV40 enhancer and the human B-globin promoter, an NcoI-SmaI fragment containing the sequences encoding the 3' splice-site duplication precursors, and a BglII (blunt-ended with Klenow polymerase)-EcoRI fragment carrying the rabbit B-globin polyadenylation signals and SP64 vector sequences (from SP64RBG; L. Whittemore, unpubl.). The resultant plasmids contained sequences encoding the control 3' splice-site duplication precursor or the T --* A mutation in the internal BPS (see above and Fig. 3) .
Transient expression assays, RNA preparations, and RNA analyses were performed as described previously Zinn et al. 1983 ). The plasmid used as a probe for RNase mapping was constructed by ligating a HindIII-AvaII (+ 1 to + 175) fragment from a human B-globin cDNA clone, and AvaII-AccI (blunted with Klenow polymerase) fragment from the control HB-BPS plasmid clone (containing a portion of the internal exon 2 sequences and the duplicated region of IVS 1 and a portion of the duplicated region of exon 2), into the SmaI-HindIII sites of SP72 (gift from D. Melton). For in vitro transcription using T7 polymerase, the plasmid was digested with HindIII.
